The essentiality of iodine for humans, especially in the early stages of life, is well recognized. The chemical forms of iodine in food supplements, infant formulae and iodated salt are either iodide (KI) or iodate (KIO 3 ). Because there are no or rare data about iodine uptake by yeasts, we investigated the influence of different sources of iodine, as KI, KIO 3 and periodate (KIO 4 ), on its uptake in and growth of the model yeast Saccharomyces cerevisiae. KIO 3 inhibited the growth of the yeast the most and already at a 400 mM initial concentration in the growth medium; the OD was reduced by 23% in comparison with the control, where no KIO 3 was added. The uptake of different iodine sources by the yeast S. cerevisiae was minimal, in total o 1%. Tracer experiments with radioactive 131 I added as KI showed that the yeast S. cerevisiae does not have the ability to transform KI into volatile species. We investigated the specificity of iodine uptake added as KIO 3 in the presence of Na 2 SeO 4 or ZnCl 2 or K 2 CrO 4 in the growth medium, and it was found that chromate had the most influence on reduction of KIO 3 uptake.
Introduction
Iodine is an essential element for humans and lack of iodine results in insufficient production of thyroid hormones, which are involved in the regulation of various enzymes and metabolic processes. When the physiological requirements for iodine are not satisfied, iodine deficiency effects, known as 'iodine deficiency disorders' , occur. Iodine deficiency affects all stages of human life, but pregnant women, lactating women, women of reproductive age and children younger than 3 years are considered to be at a high risk. Salt fortified with iodine in the form of NaI/NaIO 3 or KI/KIO 3 is recognized as the ideal carrier to provide the necessary iodine when deficiency occurs, or to prevent it. Because NaIO 3 /KIO 3 is more chemically stable than NaI/KI, most health authorities recommend NaIO 3 or KIO 3 as an additive. In contrast to IO 3 À , BrO 3
À is considered as a genotoxic and carcinogenic agent, and in the view of their physicochemical similarities, IO 3 À could also pose a certain hazard, but until now no experiments and literature data exist on this effect during long-term exposure to IO 3 À (Bürgi et al., 2001) . Poul et al. (2004) investigated the genotoxicity of KIO 3 in vitro using the alkaline comet assay and the cytokinesisblock micronucleus test on Chinese hamster ovary cells. Their results showed that the comet assay failed to detect the presence of DNA damage after treatment of the cells with KIO 3 at concentrations up to 10 mM, which was confirmed in a cytokinesis-block micronucleus assay, but they exposed cells only for a short duration of time of 3 h. They concluded that their results confirmed findings already published (Eckhardt et al., 1982; Parsons & Chipman, 1999 , 2000 , that iodate shows no evident genotoxic and mutagenic activity, and they support the use of KIO 3 to augment the supply to humans.
The aim of this study was to estimate the effects of different forms and concentrations of iodine on its uptake into the biomass during growth of the yeast Saccharomyces cerevisiae for 24 h, a microorganism that is considered a model for studying the effects of different elements.
The investigation was conducted using different sources of iodine, namely KI in the concentration range from 40 to 24 000 mM, KIO 3 in the concentration range from 40 to 6000 mM and KIO 4 in the concentration range from 4 to 400 mM. In crosswise experiments, we investigated the influence of Na 2 SeO 4 or ZnCl 2 or K 2 CrO 4 on iodine accumulation added as KIO 3 , and examined the influence of these elements in the growth medium on the growth of the yeast. In contrast to iodine, data on the uptake of selenium, chromium and zinc in and their influence on the growth of yeasts can be found in the literature (León et al., 2002; Encinar et al., 2003; Raspor et al., 2003; Devirgiliis et al., 2004; Ferraz et al., 2004; Gharieb & Gadd, 2004; Jianlong et al., 2004; Paš et al., 2004; Dumont et al., 2005; Fujs et al., 2005; Jamnik & Raspor, 2005) .
Materials and methods

Yeast strain, growth media and cultivation conditions
The yeast S. cerevisiae ZIM 288C, obtained from the Collection of Industrial Microorganisms of the Biotechnical Faculty, University of Ljubljana, was used in this study. The initial cell concentration was adjusted by transferring a 3-day-old culture from a yeast nitrogen base (YNB without amino acids; Sigma Aldrich) agar plate to 600 mL liquid YNB medium in a 1000-mL Erlenmeyer flask uniformly to an OD (l = 650 nm; OD 650 nm ) of c. 0.2. From this inoculum 50-mL aliquots were transferred to 250-mL Erlenmeyer flasks and the yeasts were aerobically submersively cultivated on a rotary shaker at 28 1C and 250 r.p.m. for 24 h; cultivations were performed in two independent runs and within each run two duplicates, parallels of the same exposure, were conducted (Fujs et al., 2005) .
Reagents
The stock solutions of different sources of iodine (KI, KIO 3 and KIO 4 ) and selenium (Na 2 SeO 4 ), zinc (ZnCl 2 ) and chromium (K 2 CrO 4 ), used for the cultivation experiments, were aseptically filtered with a sterilized apparatus through a 0.2-mm membrane filter (Sartorius). Appropriate amount of these stock solutions were added at the start of cultivation to the liquid YNB medium to obtain various initial concentrations of these elements (Table 1) .
After exposure to the investigated elements for 24 h, the bioaccumulation process was stopped. Yeasts were harvested by centrifugation at 2540 g for 15 min. Sediments (yeast biomass) were washed three times with 15 mM phosphate buffer (K 2 HPO 4 , pH 8.8) to remove unbound or weakly bound elements (iodine, chromium, selenium and zinc) (Fujs et al., 2005) .
Determination of iodine
The iodine accumulated in the biomass during 24 h of cultivation, and the content of iodine in the growth medium (initial and after 24 h of cultivation) was determined using the instrumental (INAA) and radiochemical (RNAA) neutron activation analysis methods. These were based on the simultaneous irradiation of a sample and iodine working standard solution in the pneumatic system of the TRIGA Mark II reactor at a thermal neutron fluence of 4 Â 10 12 n cm À2 s À1 for 0.5-3 min.
The method for iodine determination using RNAA is described in more detail elsewhere (Dermelj et al., 1990) .
Determination of selenium, zinc and chromium
As for iodine, the amount of selenium or zinc or chromium accumulated in the biomass during 24 h of cultivation and in the growth medium (initial and after 24 h of cultivation) was determined using INAA (Erdtmann, 1976; IAEA, 2006) .
The results for iodine, selenium, zinc and chromium presented in the tables are given with measurement uncertainty (k = 2, 95% confidence interval).
Results and discussion
The results obtained during the exposure of the yeast S. cerevisiae to KI, KIO 3 and KIO 4 showed that various iodine sources have different impacts on yeast growth and their accumulation and metabolism.
Influence of different iodine sources on the growth of the yeast S. cerevisiae KI had a minor influence on the growth of the yeast S. cerevisiae. We observed a minor inhibitory effect at higher initial concentrations in the growth medium (8-24 mM) in comparison with the control cultivation when a source of KI was not added to the growth medium, but only in the stationary growth phase.
The lower solubility of KIO 3 (9.22 g of KIO 3 per 100 g of water) and KIO 4 (0.51 g of KIO 4 per 100 g of water) prevented us from preparing the same initial concentration range as for KI (8-24 mM), whose solubility is 148 g of KI per 100 g of water (Table 1 ). The addition of solutions containing the elements investigated was limited to 1 mL; otherwise the growth medium was too diluted and the cultivation conditions with respect to micro-and macronutrients were not optimal. During the first 4 h of the cultivation experiments with KI, KIO 3 and KIO 4 , we observed no inhibitory effect of these different forms of iodine on the growth of the yeast S. cerevisiae. However, after 4 h of cultivation, KIO 3 and KIO 4 ( Fig. 1 ) had an evident influence on the growth of the yeast already at lower initial concentrations in the growth medium and also in the exponential growth phase. The inhibitory effect of KIO 3 and KIO 4 increased in accordance with the increase in their initial concentrations in the growth medium, but the inhibitory effect of KIO 3 was more evident than that of KIO 4 . Namely, at 400 mM initial concentration of KIO 3 in the growth medium, KIO 3 reduced the growth of the yeast at the end of cultivation by 23% in comparison with the control cultivation when no KIO 3 was added to the growth medium. On the other hand, we observed only a slight reduction of o 5% in the growth of the yeast for KIO 4 at the same initial concentration of iodine at the end of cultivation.
The accumulations of iodine added as KI, KIO 3 and KIO 4 to the growth medium are summarized in Table 2 . From the results, it is clear that the yeast S. cerevisiae accumulated small amounts of iodine added in different chemical forms and in different initial concentrations; in total, o 1%.
With regard to the amount of available iodine in the growth medium, yeast accumulated most iodine when added as KIO 3 . At an initial concentration of 40 mM, yeast accumulated 0.62% of the available iodine, an accumulation that decreased with an increase in the initial concentration of KIO 3 in the growth medium (Table 2, Fig. 2 ), because of a clear inhibition of the yeast's growth (Fig. 1) . At an initial concentration of 3.4 mM, yeast accumulated 1.40 AE 0.15 mmol iodine kg À1 dry matter (DM) of biomass and at 4.45 mM only 0.60 AE 0.10 mmol iodine kg À1 DM of biomass (Table 2 ). We could not identify the reason for such an evident reduction of iodine accumulation at this initial concentration in the growth media, but a possible explanation could be the increase of KIO 3 toxicity at 4.45 mM in the growth media. We observed a very similar accumulation of iodine when added as KIO 4 at different initial concentrations, except at the initial concentrations of 4.0 and 7.0 mM ( Table 2 , Fig. 2 ). The accumulation of iodine added as KI was the smallest (Fig. 2) and, bearing in mind that I À is the form of iodine bioavailable to most organisms (Küpper et al., 1998) , we can presume that iodine is not an essential element for the yeast S. cerevisiae and iodine added as KI is most likely not actively taken up by the yeast. Although some beneficial effects of KIO 4 on the growth of the yeast at 4 mM initial concentration are present (Fig. 1b) . We could find only one reference to the influence of iodine on the growth of yeasts (Greaves et al., 1928) , which concluded that small quantities of iodine in growth media (8 mM) either as elementary iodine or as salts of sodium, potassium or calcium accelerated yeast growth. Literature data on the toxicity of KIO 3 are rare (Bürgi et al., 2001 ), but we observed a clear growth inhibition of the yeast S. cerevisiae when iodine in the form of KIO 3 was added to the growth medium. A possible reason is the oxidative property of KIO 3 , which could generate reactive oxygen species. These compounds are known to induce DNA damage, and, to investigate further the genotoxic potential of KIO 3 , which could lead to carcinogenicity, the single-cell gel electrophoresis assay and the cytokinesisblock micronucleus assay should also be performed (Poul et al., 2004) .
The specificity for iodine accumulation added as KIO 3
Because we noticed that iodine added as KIO 3 inhibited the growth of the yeast S. cerevisiae, we investigated its influence on the yeast in the presence of some other elements in the growth medium. In crosswise experiments, we investigated the uptake of iodine added as KIO 3 in the presence of Na 2 SeO 4 or ZnCl 2 or K 2 CrO 4 in the growth medium with and without the addition of KIO 3 and examined the influence of these on the growth of the yeast.
K 2 CrO 4 inhibited yeast growth the most, but with the exception of the lowest initial concentration of 50 mM, we observed no difference in inhibition between cultivation when only K 2 CrO 4 was added to the growth medium and when K 2 CrO 4 together with KIO 3 was added (Fig. 3) . It is most likely that K 2 CrO 4 itself is so toxic that the added KIO 3 had no additional effect on the inhibition of the yeast.
This type of inhibition was noticed in cultivation with Na 2 SeO 4 (Fig. 3) and especially with ZnCl 2 (Fig. 3) . When we added only ZnCl 2 , no clear inhibition was observed at any initial concentration, but with the addition of ZnCl 2 and KIO 3 the yeast was obviously inhibited in growth.
We also determined the uptake of selenium (added as Na 2 SeO 4 ), zinc (added as ZnCl 2 ), chromium (added as K 2 CrO 4 ) or iodine (added as KIO 3 ) by the yeast at the end of cultivation after 24 h. The presence of KIO 3 decreased the uptake of selenium the most, by 56%, in contrast to cultivation when only Na 2 SeO 4 was present in the growth medium. This effect was less obvious in the case of zinc uptake, with a reduction of 24%, and the smallest for chromium uptake, with a reduction of only 4% (Table 3) .
The uptake of iodine added as KIO 3 decreased in comparison with cultivation when only KIO 3 was present in the growth medium. The presence of ZnCl 2 in the growth medium reduced the uptake of iodine by 28%, the presence of Na 2 SeO 4 by 50% and the presence of K 2 CrO 4 by 81% (Table 4) . León et al. (2002) investigated the uptake of selenium added as sodium selenite (Na 2 SeO 3 ) by the yeast S. cerevisiae. The cultivation lasted for 24 h in YEPD growth medium, and at an initial concentration of 290 mM Na 2 SeO 3 in the growth medium, the yeast accumulated 29.8 mmol selenium kg À1 DM of biomass. In comparison with our experiment where we cultivated the yeast S. cerevisiae in the presence of Na 2 SeO 4 , the yeast accumulated obviously less selenium at the same initial concentration of selenium in the YNB growth medium, namely 470 AE 45 mmol selenium kg À1 DM of biomass. It seems that the growth medium and the form of selenium influence the uptake of selenium by the yeast S. cerevisiae. Raspor et al. (2003) cultivated the yeast Schizosaccharomyces pombe in the presence of Na 2 SeO 4 and Na 2 Cr 2 O 7 Á 2H 2 O in the concentration range from 0.04 to 4.0 mM. They investigated the response of the yeast towards those elements in order to establish the involvement of yeast ATP sulfurylase in their reduction. They used an ATP sulfurylase-defective/selenateresistant mutant of S. pombe and an ATP sulfurylase-active/ selenate-sensitive strain of S. pombe. They measured the inhibitory effect of Na 2 SeO 4 and Na 2 Cr 2 O 7 Á 2H 2 O on growth and bioaccumulation. They concluded that their results indicated that selenate toxicity to microorganisms is connected with the reduction of selenate to selenite. The selenateresistant strain tolerated up to a 100-fold higher concentration of selenate, and both strains showed similar sensitivity to Na 2 Cr 2 O 7 Á 2H 2 O and there was no evidence that ATP sulfurylase participates in the reduction process of Na 2-Cr 2 O 7 Á 2H 2 O. 
Formation of volatile forms of iodine during cultivation
We investigated the ability of the yeast S. cerevisiae to produce volatile forms of iodine, including methyl iodide (CH 3 I), which is known to be formed via methylation by some bacteria (Itoh et al., 1997; Baker et al., 2001) , phytoplankton (Manley & Cuesta, 1997) and marine algae (Küpper et al., 1998) . The radioactive iodine tracer 131 I at initial activities of 0.50, 290, 320 and 360 kBq g À1 (Table 5) in the growth medium was added, together with 127 I present as KI at an initial concentration of 800 mM. The addition of 131 I had only a minor influence on the growth of the yeast S. cerevisiae during the 24 h of cultivation.
The properties of 131 I with a high specific activity, meaning high (radio)activity for very low mass, make it a good radioactive tracer. During our cultivations, we observed that at higher initial activity levels of ) it was 0.28 AE 0.01% (Table 5) . A charcoal trap was placed on top of the Erlenmeyer flask to collect and follow the volatilization of iodine, but we observed no losses of iodine from the growth medium; therefore, we concluded that the yeast S. cerevisiae does not have the ability to transform iodine into volatile species under our experimental conditions.
Conclusions
Iodine has many important beneficial effects on humans and to prevent iodine deficiency in the human population, iodine is added to the diet in the form of NaI/KI or NaIO 3 / KIO 3 . A simple method is the iodization of table salt. In most European countries, NaIO 3 or KIO 3 is preferred, being chemically more stable than NaI or KI. We studied the influence of different stable iodine compounds (KI, KIO 3 and KIO 4 ) on its accumulation in and on the growth of the yeast S. cerevisiae. KIO 3 inhibited the growth of the yeast the most and we also observed growth inhibition during cultivation in the presence of KIO 4 . The accumulation of iodine by the yeast S. cerevisiae was minimal. In crosswise experiments, we investigated the uptake of iodine added as KIO 3 in the presence of Na 2 SeO 4 or ZnCl 2 or K 2 CrO 4 in the growth medium, and examined the influence of these elements on the growth of the yeast. K 2 CrO 4 inhibited the growth of the yeast the most, but we observed no additional inhibition in growth when K 2 CrO 4 and KIO 3 were present together in the growth medium. It is most likely that K 2 CrO 4 itself is toxic enough such that added KIO 3 has no additional inhibition effect on yeast growth. This KIO 3 inhibition effect was noticed in cultivation with Na 2 SeO 4 and particularly with ZnCl 2 . When only ZnCl 2 was present in the media, no inhibition was found at any initial concentration, but when ZnCl 2 and KIO 3 were present together in the medium a strong inhibition of growth was observed.
